Optical MEMS is a challenging new field that combines micro-optics with micro-mechanics in order to build compact systems. In this paper we present a miniaturized Fourier transform spectrometer (FTS) fabricated on silicon. The FTS is a Michelson interferometer with one scanning mirror. The motion of the mirror is carried out by a new type of electrostatic comb drive actuator. The mirror is designed to be linear with respect to the applied voltage. Experimentally, we have measured a mirror displacement of 38.5p.m corresponding to a maximum optical path difference of 77im. The applied voltage was and the non-linearity of the driving system is A method is presented to correct the spectrum in order to get rid of the non-linearity. The measured resolution of the spectrometer after the phase correction is l6nm at a wavelength of 633nm.
INTRODUCTION
FT spectroscopy is a well-known technique to measure the spectra of weak extended sources. It offers distinct throughput (Jacquinot) and multiplex (Fellgett) advantages, which provide higher signal-to-noise ratio performance than other methods I 1 -3]. However, commonly used FT spectrometers require a mirror scanning mechanism with very high precision, resulting in large size and high cost. Low cost, miniature spectrometers are key components, which enable the realization of small size, portable sensor solutions for applications, such as color measurements, or industrial process control. Therefore, recent investigations deal with low cost, miniature spectrometers [4] . A spatially modulated FT spectrometer (e.g. a Michelson interferometer with a tilted mirror and a photodiode array) leads to compactness and has no moving parts [5] . Nevertheless, stationary FT spectrometers have poor resolution and do not benefit entirely from the throughput advantage. We report here on a FT spectrometer with a moving mirror which is extremely compact (5mm x 4mm x 3mm) and which has a scanning system that allows a precise motion of the mirror. It permits low cost fabrication, thanks to silicon technology [6] .
PRINCIPLE OF FOURIER TRANSFORM SPECTROSCOPY
The basic concept of Fourier transform spectroscopy is shown in Fig. 1 . We measure the intensity variation 1(3,) as a UflCtiOfl of the optical path difference ö when a partially coherent plane wave is introduced into a Michelson interferometer. The relation between 1 and 3 is known as an interferogram. The power spectrum B(a) and the recorded intensity modulation 1(ö) are related by a Fourier transform:
where a is the wavenumber and ö is the optical path difference 6 The theoretical resolution of a FTS is given by the maximum optical path difference max: (2) as Michelson interferometers, or linear shutters, one would like to have a displacement which is linear to the applied voltage. Since a conventional comb-drive actuator has a voltage-displacement response that is quadratic, other actuator principles, such as piezoelectric, or electrodynamic are used. However, these principles can hardly be implemented on silicon. The new design of the actuator used to drive the movable mirror in our FT spectrometer enables a linear voltagedisplacement response. Equation (3) gives the displacement Ax as a function of its geometrical dimensions and applied voltage V0, (3) where k is the spring constant of the suspension springs, h is the height of the comb fingers, g the gap between the comb lingers, ii is the number of comb fingers on the mobile comb and £is the electric permittivity. This equation shows that the displacement zx is a quadratic function of the applied voltage Vo. Figure 2 shows an arrangement of the comb electrode, which allows to linearize this actuator behavior. Two identical comb drive actuators, named A and B, are placed opposite to each other. For this configuration, Eq. (1) becomes &=ikvA -V0)2 -(V8 _V0)2]. (4) kg When the voltage on comb A is kept constant and is exactly the opposite of VB, i.e. VA =-VB, than Eq. (4) can be rewritten as kg (5) All quadratic terms are cancelled. Since VA is constant, the resulting displacement becomes a linear function of V0, i.e. a linear function of the voltage applied on the mobile comb.
Electrostatic Actuator Michelson Interlerometer
The maximum displacement of the electrostatic comb drive actuators is limited by the lateral stability of the combs [8] .
With a proper design, a maximum displacement of 80j.tm can be achieved, which gives an optical path difference of I W)tm. For such a displacement the spectroscopic resolution at 633nm is estimated to be LU = 2.5nm. With our device we have obtained a displacement of 39pin with a maximum voltage V0 of +1-1 OV. The actuator and both mirrors (mirror 1 and 2 in Fig. 2 ) are fabricated in one etching step by deep dry etching of silicon on insulating wafers. To enhance the reflectivity of the plasma etched mirrors, they are coated with a thin layer of aluminum. The chip has a hole through the wafer to accommodate a beam splitter or a beam splitting plate. The mirrors have a height of 75tm and a length of 500pm (see Fig. 3 ). 
EXPERIMENTAL RESULTS
I o characteri7e the perftrrnance of our device, we have recorded the interference signal I) produced by thcusing a IleNe Iaer on the to mirrors. The result of such a configuration is a circular interference pattern, which modulates with the dipIacement of the mirror (see Figs. 4 and 5). We placed the detector in the central spot of the interference pattern.
\Ieasuremerits ha e been carried out with moderate (I -1 V). medium (I -5V) and lull perlormance (I -I et the actuator.
I ic -/ ( altuIatd interference pattern of a Gaussian beam focused on the mirrors set (21) and II)). In 1/us t'xtuunp/&' I/ic beams do not hit the ,nirror surface al the focus poi,ii so 1/la! III' hart' an IIu!L'r/cr&'muL' between 1110 /zvergiuig beams. Fourier transform of the signal ofa HeNe laser. The direction of the motion is the same for the two figures. The applied voltage on the comb is +/-5V. The reproducibility of the center of each peak (calculated by fitting a Gauss on the points) is better than mm.
With an applied tension V0 of +/-1OV (medium performance), we have noticed a small drive non-linearity, as well as a difference between the two directions of the motion (hysteresis effect). The chosen time for one scan is Is.
Concerning the drive non-linearity's (÷/-O.25.tm), we can state, that half of this effect comes from the instabilities of the applied tension V0 which is in the order of +/-O.03V (see Fig. 8 ). An additional effect comes from the actuator geometry described previously. The two comb structures (see Fig. 9 ) are electrically insulated, one of them is fixed, whereas the other is mechanically connected to the suspension spring and the mirror structure as shown in Fig. 2 . When the comb structure is moved, the capacitance C between the two combs is changed according to [9] :
The orce generated when a voltage is applied between the two comb electrodes is F1=V2, (7) dx and it is counterbalanced by the spring force, which also depends on the geometrical design. Any fabrication (etching) error leads then to a change of the total force, especially at full performance.
7 Fig. 9 . Part of the comb-drive actuator. We see all-important geometrical parameters that influence the motion of the mirror.
Nevertheless, both the tension and the displacement seemed to follow the same paths for scans in the same direction. As a result of these measurements we have applied a phase correction in the Fourier transform calculated from the interferogram of the first scan in order to check if it is suitable to apply the same correction to all scans in the same direction. The procedure of the phase correction is described in the next section. The results are shown in Fig. 10 . 
PHASE CORRECTION
We describe here the procedure used to compensate the small drive non-uniformities of the electrostatic comb actuator. It has to he mentioned that these inhomogeneities are in the order of +/-O.25im. This variation is small for a micro-mechanical device hut strong enough to cause a notable effect in the spectrum (Fig. 1 Oa) . The phase correction procedure consists in reconstructing the intensity modulation 'R of a HeNe laser in order to determine the phase at any optical path 6:
where C1 and S, are the real part, respectively the imaginary part, of the Fourier transform:
ci =I(5k)cos(a/5k),
Si =I(8k)sin(I5k),
where a are the Fourier frequencies (1<j<N/2), N is the number of sampling points and I(6k) are the recorded intensities in tunction of the sampling points 6k• It is iiow possible to determine the true phase p at in function of the optical path 6 for every wavelength 2c
and the phase difference A in function of the non-linearity A6:
Aç2L) is the phase correction that will be added in the Fourier transform to obtain the corrected power spectrum B(a) as a function of the wavenumbers o B(a)= [IRScos(2JraS +&p(a))+I(6)sin(2ir6 +ip(a))].
(12) 6 . CONCLUSIONS A low cost miniaturized time-scanning FTS with a moving mirror activated by a new electrostatic actuator design has been realized. The feasibility of the device has been demonstrated by preliminary measurements with a HeNe line. From the rccoided interferogram it appears that the movable mirror has a drive non-linearity of about 0.4%. This inhomogeneity is 101 present at tensions V0 smaller than 5V. We have applied a phase correction calculated from the first scan interferogram to 3 tollowing scans in the same direction. The resulting power spectra are very similar in position and width of the line. This shows the repeatability of the motion of the mirror. Nevertheless the measured resolution at 633nm is l6nm after the phase correction and with a 5 of 77im, which is 2 times worse than the expected experimental resolution. By working on the stabilization of the applied tensions V0, VA and VB, the resolution is expected to be better than lOnm in the visible wavelength range and for the maximum displacement of the mirror. This is good enough for applications such as industrial color sensors. In addition, the elongated geometry of the mirror allows benefiting from the Connes advantage [10] by using simultaneously a reference wavelength (e.g. HeNe laser). Further results of measurements with white light and stray light suppression are planned.
